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Abstract 

The contribution of positron source for the results of a positron annihilation lifetime spectrum 
(PALS) is simulated using Geant4 code. The geometrical structure of PALS measurement system 
is a sandwich structure: the ?*Na radiation source is encapsulated by Kapton films, and the 
specimens are attached on the outside of the films. The probabilities of a positron being 
annihilated in the films, annihilated in the targets, and the effect of positrons reflected back from 
the specimen surface, are simulated. The probability of a positron annihilated in the film is related 
to the species of targets and the source film thickness. The simulation result is in reasonable 
agreement with the available experimental data. Thus, modification of the source contribution 


calculated by Geant4 is viable, and it beneficial for the analysis of the results of PALS. 
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1. Introduction 
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Positron annihilation spectroscopy technology has unique scientific advantages in 
applications involving the microcosmic structure of solid materials and thin films. It is a 
characteristic method for studying materials, defects as vacancies, dislocations, vacancy clusters in 
metals/alloys, and microstructures as free volumes in polymers or microvoids in 
micro/mesoporous materials, which can be expressed in a positron annihilation lifetime spectrum 
(PALS) [1-3]. In the experiment, a sandwich structure is used as the positron source sealed by two 
pieces of Kapton (or Mylar) films held symmetrically which is called the source film. The source 
used in the simulations was a point source of 7*Na radioactive isotopes [4,5], which are usually 
used in positron annihilation lifetime measurements. After the positrons are emitted from the 
source, most are annihilated in specimens; however, there are some positrons would be annihilated 
in the films. This is called source contribution. 

In the measurement of the positron annihilation lifetime, the radioactive isotopes of ?*Na used 
as the positron source can produce a photon with an energy of 1280 keV. A positron is emitted 
simultaneously. Two photons with an energy of 511 keV are emitted along with the annihilation of 
a positron-electron after the positrons strike inner materials [6,7]. In the PALS measurement, a 
1280 keV photon and two 511 keV photons are detected as the start signal and the stop signals of 
the positron lifetime, respectively [8-10]. 

The PALS can be analyzed with deconvolution using specialized programs such as PASFIT 
and Program LTv9 (LT9) [11,12].The distribution spectrum of positron annihilation in the 
specimen can be accumulated using the positron annihilation lifetime spectrometer. The spectrum 
is then analyzed using a former program code to obtain the positron lifetime component in the 
specimen, as well as the probability and average lifetime of a positron annihilated in the source 
film. In addition, the resolution of the positron annihilation lifetime spectrometer will be initially 
settled in the program. Then we can obtain the positron annihilation short-lifetime component 7, 
the intermediate-lifetime component 72, the longest-lifetime component t3 and the corresponding 
intensities Ij, I2 and I3. The first short-lifetime component z; is attributed to free annihilations of 
positrons and self-annihilations of p-Ps in the specimen. The intermediate-lifetime component 72 is 
deemed to represent the annihilation of trapped positrons at the defects that are present in the 


crystalline regions or the annihilations of trapped positrons at the crystalline-amorphous interface 


regions. The longest-lifetime 73 is attributed to the pick-off annihilations of the ortho-positronium 
(o-Ps) in the free volume sites present mainly in the amorphous regions of the polymer matrix 
[13,14]. Iı, I2 and I; are the probabilities of positrons annihilated in the specimen. However, for 
experiments using positron radiation source, the source contribution should be deducted, thus 
reducing the impact on measurement results. Therefore, during this procedure, the probability of a 
positron annihilated in the source film will be settled in the program. We default the lifetime of a 
source component in the PALS is usually 382 ps with nearly 15% intensity, which can be 
estimated by measuring the standard specimen, an annealed nickel or iron thin disk [15]. The 
probability of positron annihilated in the source film used in PALS analysis will affect the results 
of the lifetime and intensity for the deconvolution. However, some researchers calculate the source 
contribution, leading to errors in measurement, and many results will deviate to a certain extent. If 
the contribution of positrons annihilated in the source film is settled appropriately, the positron 
annihilation lifetime distribution in the specimen can be used to discuss the annihilation 
mechanism and the microstructures as defects and free volumes in the material. On the contrary, if 
the probability of a positron annihilated in the source film is inappropriate, the result of the PALS 
will cause misleading or inaccurate analysis, especially for metal/alloy specimens whose lifetime 
component for a vacancy cluster is close to 350 ps, and for polymers/porous materials whose 
lifetime component for a small free volume/microvoid is close to 400 ps [13,16- 22]. 

An accurate probability of the source film contribution used in the process of analysis of the 
PALS will contribute to lifetime and intensity results that are more accurate and a better 
understanding of the positron annihilation mechanism and the material microstructures. In the 
experiments, the source contribution was usually obtained through the lifetime spectrum 
deconvolution results of standard specimens. Apart from using the experimental method to 
estimate the source contribution, it can also be accurately calculated theoretically. In this research, 
Geant4 code is used to simulate the positrons annihilated in the source film for different specimens 
that have a layered stacked geometry either symmetrical or non-symmetrical. In this work, the 
source contributions of mono-energy positrons and real radioactive isotope sources are simulated 
using Geant4 code, and the discrepancies of source contributions for different specimens are 


simulated. 


When the positrons penetrate a source film, some of the positrons would backscatter, diffuse, 
or re-emit with a negative work function at the interfaces between the specimen and the film, and 
subsequently they enter the source film and annihilate. However, the remaining positrons would 
enter the specimen, and they attain thermal energies in a short period. They will then spread inside 
the material until eventual annihilation with electrons. In addition, the interactions between 
positrons and materials are related to the atomic distribution of materials, defects, impurities, and 
positron energy. Furthermore, external conditions can also affect the interaction between positrons 
and various basic units in the material. In the present study, the simulation results of source 
contributions using Geant4 code are reported. The primary positron energies and the incident 
angles are settled in the range of 1-200 keV and 0-360 degrees, respectively. The positron source 
is a ?Na radionuclide, and the source films are Kapton, Mylar, and Ni films. The annihilation ratio 
is simulated by Geant4 code. Finally, we simulate the source contributions of some common 


materials. 


2. Theories and models 

Simulations have been used in high energy physics, particle physics and accelerator 
laboratory experiments. They pose enormous challenges in the creation of complex yet robust 
software frameworks and applications. With the ever-increasing demand for detector simulations, 
a professional object-oriented simulation toolkit, Geant4 [23], has been developed. Geant4 is a 
general toolkit of Monte Carlo simulations for simulating the passage of particles through matter. 
It has been created using software engineering and object-oriented technology, and it is 
implemented in the C++ programming language. The toolkit offers a diverse, wide-ranging, but 
cohesive set of software components that can be employed in a variety of settings. All aspects of 
the simulation process are included: geometry, materials, fundamental particles, the tracking of 
particles through materials, as well as comprehensive physics processes, visualization of the 
detector, and the capture of simulation data. The core of this software system is an abundant set of 
physics models for handling the interactions of particles with matter across a very wide range of 
energy. At present, Geant4 is widely used in particle physics, nuclear physics, accelerator design, 


space engineering, and medical physics. 
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A PALS with time delays between detecting the 511 keV annihilate photons and the 1280 
keV unclear photons is hereafter called the delayed-coincidence spectrum. By analyzing the 
information of PALS about the positron lifetime 7, the corresponding intensities I; of various 
groups i of positrons annihilating in a given material can be obtained [24]. The PALS contains a 
lot of information, therefore some information about the material can be found in order to our 
need. 

The positron lifetime spectrum and Doppler broadening measurement are very important 
characterization methods, and these characterization methods are very meaningful to the study of 
the materials. Fig. 1 shows the model structure, which is a sandwich model. The model is 
symmetrical and the positron source is sealed by the film, and the specimens are attached on the 
outside of the film. The positrons pass through the film and hit the specimens. During this period, 
some low-energy positrons will annihilate in the film, however high-energy positrons will enter 


the specimens until they annihilate with electrons. 


511 keV 


Specimen 


Fig. 1. (a): The side elevation of the model constructed for the simulation, and the demonstration of four positron 
tracks. A1 shows that the positrons penetrate the film and annihilate in the specimen. A2 shows that the positrons 
reflect from the interface and annihilate in the film. A3 shows that the positrons annihilate in the film before they 
enter into the specimen. A4 shows that the positrons enter into the specimen and diffuse back to the film, and then 
annihilate in the film. The green curve shows the annihilation photons. (b): The trajectory of the positrons emitted 
from the positron source 7*Na radioisotope. Kapton encapsulates the ?*Na. The blue line shows the trajectory of a 


positron and the green line shows the nuclear photons. 


The simulation of PALS described here is based on Geant4 and the Origin toolkit. The 
simulated setup includes a point positron source sealed by two pieces of metal or plastic films 
(such as Ti, Ni, Kapton, and Mylar films). This is a device with a positron source. In the 
experiment, to increase the mechanical strength of the source, it was combined with a metal frame 
around the perimeter of the source; however, it is unnecessary to do so in the Geant4 simulation. 
In the simulation, the source is placed in between two films. 

Typically, for every arrangement of the simulation setup, hundred thousands of source decays 
are generated. For radionuclide ?*Na, a nuclear photon and a positron are generated for every 
decay, and the positron is generated at a fixed time t after the generation of the nuclear photon. 
The time t is very short; therefore, the nuclear photon can be regarded as the start signal. After that, 
two photons are emitted as a signal of the positron annihilation; therefore, the annihilation photons 


can be considered as the stop signal. 


3. Results and discussion 
3.1 Positron distribution in Kapton film 

In Geant4 simulation, the emitter is the positron source, which is enveloped by two 7-um 
Kapton films, and on both sides of the emitter, 2-mm Al plates were placed. The resulting structure 
is Al (2 mm)-Kapton-positron source-Kapton-Al (2 mm), which is shown in the inset of Fig. 1. 
The number of positrons is 2x10°, and the launch angle is 360 degrees. Moreover, an incident 
positron is mono-energetic. The energy of a positron ranges from 1-200 keV and the thickness of 
Kapton ranges from 1-9 um. After that, we can get the number of positrons annihilating in the 
Kapton and Al using Geant4 code, for various positron energies and Kapton thicknesses. From Fig. 
2, we can get some information about the positrons annihilating in Kapton and Al, thus we can 
choose a suitable thickness of Kapton and a suitable radionuclide according to the demands of the 


experiment, and this is very convenient. 
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Fig. 2. (a): Number of positrons annihilated in the Kapton and Al with respect to the change of positron energy and 
Kapton thickness. The increasing curve shows the number of positrons annihilating in Kapton. The decreasing 
curve shows the number of positrons annihilating in Al. The arrow shows the thickness of Kapton, which is 1 um 
to 9 um; (b): Based on the conclusion from (a), a derivative curve is plotted to show the rate of change of the 


number of positron annihilations in Kapton and Al. 


In Fig. 2, the number of positrons that annihilate in Kapton and Al are simulated using 
Geant4 code; however, a positron is mono-energetic. If the radioisotope is the positron source, the 
energy of positrons produced by the radioisotope has a continuous spectrum. In order to make the 
22Na radioisotope the positron source, we simulated the energy spectrum of positrons produced 
from the ”Na radioisotope using Geant4 code. The energy spectrum simulated for the ??Na 
radioisotope is shown in Fig. 3. In Fig. 3, the full blue line shows the mean kinetic energies of the 
positrons that are emitted from the ?*Na radioisotope. The dashed red line and short dashed purple 


line show the mean kinetic energies and maximum kinetic energies in the reference [7], 


respectively. 
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Fig. 3. Simulation of the energy spectrum of the ?Na radioisotope using Geant4 code. 


3.2 The radioactive isotope as positron source 

In the experiment, the positron source is sealed with a Kapton, Mylar, or metal film when the 
positron lifetime is being measured. It is known that positrons not only annihilate in a specimen, 
but also annihilate in a film. Therefore, we should deduct the probability of a positron annihilating 
in the film when we analyze the PALS. Considering these facts, we simulated the probability of a 
positron annihilating in the film without specimens using Geant4. As shown in Fig. 4, the source 
was treated with Kapton, Mylar, Ni, and Ti films using a point positron source **Na radioisotope 
in the middle of the film. By changing the thickness of the films, we can obtain the probability of a 
positron annihilated in the film. In Fig. 4, we find that the probabilities of a positron annihilated in 
Kapton and Mylar are similar, but it is known that Kapton is resistant to high temperature while 
Mylar is resistant to both high and low temperatures; therefore, we need to choose the film 
according to the temperature requirement of the experiment. In Fig. 4, the black vertical line 
shows the probability of a positron annihilating in the film when the thickness of films is 7 um 
[25]. It can be seen that the positron annihilation ratios in the Ni and Ti films are higher than those 
in the Kapton and Mylar films. Hence, if the positron source is sealed by Ni and Ti films when it is 
used to measure the positron lifetime, the thickness of the Ni and Ti film should be thinner in order 


to lose fewer positrons. 
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Fig. 4. Simulation of the probability of a positron annihilating in the film without the specimen, the black 
vertical line shows the probability of a positron annihilating in the film when the thickness of 


films is 7 um. 


In the presence of the specimens, the positrons that penetrate the film will enter the surface of 
the specimen; however, some positrons will scatter and return to the positron device. They are 
treated as new positron sources being localized at the interfaces between the specimen and the film, 
therefore the probability of a positron annihilating in the film is higher than that without 
specimens. As shown in Fig. 5, we use ?Na as the positron source, which is sealed by Kapton or 
Mylar. In addition, metals (Al, Ag, Ni, and Fe) and polymers (High Density Polyethylene (HDPE), 
Polytetrafluoroethylene (PTFE)) are used as the targets. The thicknesses of the films range from 
1-22 um and the films are semi-infinite targets. Thus, the probability of a positron annihilating in 
the film for various film thicknesses can be obtained. It is known that the backscattering 
coefficients vary with different specimens [26-29], therefore the probabilities of a positron 
annihilating in the film are dissimilar when the specimen is changed. In Fig. 5, it can be seen that, 


the probability of a positron annihilating in the film is high if the density of the specimen is high. 
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Fig. 5. Simulation of the probability of positron annihilation in the Kapton and Mylar film with changing thickness 
of the films. (a): Kapton encapsulates the 7*Na radioisotope. (b): Mylar encapsulates the Na radioisotope. The 


black line presents the probability of positron annihilation in the film when the thickness of film is 7 um. 


The source is treated as two pieces of 7-um Kapton film with a point positron 7*Na in the 
simulation [25]. The surrounding stack of films is symmetrical. We performed simulations using 
Geant4 code, and the results of simulating the implantation profile are shown in Fig. 6. The solid 
line is based on the bottom-X and left-Y axes, and the dotted line is based on the top-X and 


right-Y axes. 
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Fig. 6. The solid line shows the implantation profiles for ?*Na positrons emitted in the films and Al around the 
source. The dotted line presents the energy spectrum for the ?*Na radioisotope. From Fig. 2 (a), it can be seen that 
the positrons with an energy less than 20 keV will annihilate in Kapton and the positrons with an energy more than 


20 keV will annihilate in Al. 


If the positron source is sealed by the metal film, the results will be different from those of 
the polymer film. As shown in Fig. 7, the thickness of Ni film ranges from 1—10 um and the 
specimens are semi-infinite [25]. After that, the probability of positron annihilation in the film for 


various film thicknesses can be obtained. 
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Fig. 7. The probability of positron annihilate in the film with increasing the film thickness when the radioisotope 


22Na positron source sealed by Ni film. 


In Fig. 5 and Fig. 7, we observe that the probability of a positron annihilating in the film is 
not only related to the film, but also related to the test specimen. When the positrons hit the 


specimen, some of the positrons go through the film and enter into the specimen, while others 


annihilate in the film, and some positrons will backscatter and enter the film. If the specimen is 
different and the backscattering coefficient is different, then the probability of a positron 
annihilating in the film will be different. 

The source is treated as two pieces of 7-um Kapton film with a point positron source **Na 
radioisotope between the two films. We simulate the probability of positron annihilation in the 
film (source contribution) for some common metals, alloys, semiconductors, metal-oxides and 
polymers, which is shown in Table 1. In Table 1, the arrangement rule of metals is based on the 
atomic number of the metal. Generally, the source contribution is gradually increased with an 
increase in the atomic number; however, W is an exception. The metals Ni, W, and Cu are 
anti-electron modulators and have a negative work function; however, Ni and Cu have an 
inconspicuous moderated efficiency and the positrons that escape from the metal are very few. 
Therefore, there is little impact on the source contribution. The moderated efficiency of W is 
obvious; therefore, more positrons escape from the metal, which influences the source 
contribution greatly. Therefore, W is special. The arrangement rule of alloys is based on the 
density of the metal, and the source contribution is gradually increased with increase in density 
under normal circumstances. The arrangement rule of semiconductors is based on the density, and 
the source contribution is gradually increased with the increase in density; however, simple 
substances like Si and Ge do not follow this rule. The arrangement rule of metal-oxides is based 
on the atomic number of the metal, and the source contribution is gradually increased with an 
increase in the atomic number. The arrangement rule of polymers is based on the density of the 
polymer, however the polymer is very special, and the source contribution is not regular. Since the 
polymer element is very complex, and the source contribution is related to the element, in addition 


to the density of the polymer. 


Table 1: Simulation the source contribution of some common metals, alloys, semiconductors, metal-oxides, and 


polymers. 


Metal Al Ti Cr Mn Fe Co Ni Cu Zn Ag WwW Pt Au Pb 


Contr.(%) 10.42 12.42 12.79 13.25 13.29 13.37 13.67 13.72 14.13 16.29 17.63 17.52 17.44 17.58 


Alloy Ti3Al Fe4C3Si Fe2C Fe9Cr Fe0.6Cu Fel7Cr14.5Ni Cul8Znl8Ni Cul9Ni AgsAl 


Contr.(%) 12.15 12.98 13.18 13.35 13.29 13.3 13.82 13.82 16.19 


Semi Si Ge SiO2 SiC AIN Si3N4 ZnS ZnO GaN 


Contr.(%) 10.61 14.41 9.69 9.79 9.73 9.73 13.04 13.04 13.10 
Metal-oxide MgO A1203 CaO TiO2 Fe304 FeO CuO Ag20 BaO 
Contr.(%) 9.63 9.64 10.99 11.04 12.1 12.21 12.99 15.98 16.44 
Polymer HDPE PEEK Mylar PES PVDF PCTFE PVF PTFE 

Contr.(%) 7.57 8.06 8.31 8.6 10.53 9.64 8.27 8.91 


4. Modification of the PALS of Ni, Fe, HDPE, and PTFE 

The acquired lifetime spectra were resolved into two-lifetime components in some crystal 
and defect-free specimens such as metals/alloys and semiconductors, or three-lifetime components 
in some specimens with defects and polymers with free volumes, and to lesser extent four-lifetime 
components in some porous materials with micro/mesoporous properties and voids or some 
polymers with open free volume space. 

Generally, the default source contribution would be the same if either polymers or metals are 
used as specimens for analyzing the PALS. However, from the simulated data using Geant4, we 
observe that the source contribution is different for different specimens. In order to compare the 
difference between the source contribution using Geant4 simulation and the experimental results 
when analyzing the positron annihilation lifetime, we measure some specimens, including 
standard specimens of metals Ni and Fe (note: the metals Ni and Fe were obtained by annealing, 
so defects may exist) [15], and polymers HDPE and PTFE (as shown in Table 2). Each lifetime 
measurement lasted for four hours. The specimens are semi-infinite. ??NaCl is used as the positron 
source and radioactive ?NaCl is sealed using Kapton films when the specimens are being 
measured. The thickness of the films is 7 um. In the experiment, the source contribution is 
obtained by measuring a standard specimen. The PALS of Ni, Fe, HDPE, and PTFE are analyzed 
with the program LTv9 (see Table 2) [12]. In Table 2, for the cases of standard Ni and Fe, the 
“Free” (the analyzed spectrum with three components) shows that by fixing the source 
contribution to 0 and the zz to 382 ps, we can obtain the lifetime t with the intensity I. The “Fix” 
(the analyzed spectrum with two components) shows that the source contribution is Ip and the 
positron lifetime in the source is 382 ps. For the cases of HDPE and PTFE, the “Free” shows that 
the source contribution is absent, and the “Fix” shows that the source contribution is 17.74% (Ni). 


Using Geant4 code, we obtain the probabilities of positron annihilation in the film which are 


13.67%, 13.29%, 7.57% and 8.91% for specimens Ni, Fe, HDPE and PTFE, respectively. Under 
normal conditions, the positron annihilation lifetime in Kapton is shorter than 382 ps; however, the 
annihilation lifetime of a positron backscattered from the specimen surface to be annihilated in 
Kapton is longer than 382 ps, therefore the default is 382 ps. Therefore, in the source, the default 
positron annihilation lifetime is 382 ps in the experiment and the simulation. 

In Table 2, the intensity of the positron annihilation longest-lifetime component 73 is high, 
because the positron source has been used for a long time and the positron source residue of NaCl 


is no longer radioactive; therefore, some low-energy positrons will annihilate in NaCl. 


Table 2: Results of PALS for Ni, Fe, HDPE, and PTFE [11,17,18,30- 33]. Experiment: the source contribution is 
obtained by measuring the standard specimen. Simulation: the probability of positron annihilation in the film using 


Geant4 code; the source contribution is different when the specimens differ. 


Source Source 
Specimen tı (ps) h(%) T2 (ps) I(%) 73 (ps) Is(%) 
Contr. Contr.(%) Lifetime(ps) 
Free 06.040.28  80.99+0.06 382.0 7.74+0.06 2579+25 1.27+0.01 -- -- 
Exp. 
Ni Fix 06.040.12 98.46+0.01 2579+22 .54+0.01 -- -- 17.74 382 
Sim. 17.0+0.14 98.07+0.01 1997+9.6 .94+0.01 -- -- 13.67 382 
Free 04.7+0.27 81.52+0.06 382.0 7.32+0.06 2571426 1.16+0.01 -- -- 
Exp. 
Fe Fix 04.7+0.12 98.59+0.01 2571+21 .41+0.01 -- -- 17.32 382 
Sim. 15.6+0.18 98.20+0.01 1954+15 .80+0.01 -- -- 13.29 382 
Free 75.2+3.2 42.85+0.80 447.0+6.1  43.04+0.74 2305413 4.1140.23 -- -- 
Exp. 
HDPE Fix 73,542.2 50.49+0.52 483.1+6.6 32.50+0.55 2316+8.1 7.01+0.19 17.74 382 
Sim. 78.0+2 45.75+0.56 467.5+45.9 38.97+0.57 2346+9.1 5.28+0.19 7.57 382 
Free 215.4+2.1 56.29+0.50 590.2+7.3 32.30+0.49 3606+18 1.41+0.13. -- -- 
Exp. 
PTFE Fix 204.8+1.9 59.40+0.39 668.7+9.3 27.02+0.38 3659+21 3.58+0.14 17.74 382 
Sim. 214.0+2.1 57.52+0.46 632.5+8.2 30.00+0.45 3685+21 2.48+0.14 8.91 382 


In actual measurements, we measure the standard specimen to determine the source 
contribution. However, the actual condition is quite complex, and the source contribution will be 
different for different specimens, so the source contribution has a certain influence on the analysis 
of the PALS. In Table 2, tı represents the positron lifetime in the metal for standard specimens Ni 
and Fe. It shows that t; is the same both with and without source contribution, and only the 
intensity is different. Nevertheless, the positron lifetime in the polymer is different since the 


polymer has defects and vacancies. In Table 2, we observe that the short-lifetime component 7 is 


longer and the lifetime t2 is shorter when we compare the simulation result by using Geant4 with 
the experimental result. However, the corresponding intensity I; is decreasing, I2 is increasing, the 
longest-lifetime 73 is longer, and the corresponding intensity I; is decreasing, so we expect that the 


effect of source contribution is more prominent in the experiment. 


5. Conclusions 

The positron annihilation ratios in source films (Kapton, Mylar and Ni films) for various film 
thicknesses were calculated using Geant4 code, and the modification of source contributions for 
some common materials (metals, alloys, semiconductors, metal-oxides, and polymers) is 
summarized in this paper. It was found that the source contribution is related to the properties of 
the specimens (type, thickness, and so on). The annihilation ratio increases with an increase in 
film thickness, and the value of the annihilation ratio for the Ni film was larger than that for the 
Kapton and Mylar films. When we used the Na radioisotope as the positron source and the 
source film was 7-um Kapton, the source contributions were 10%—18%, 10%-14%, 9%-17%, and 
7%-11% for metal/alloys, semiconductors, metal-oxides, and polymers, respectively. The source 
contribution was fixed for some common materials, as reported in previous studies. However, 
when we compared the source contribution difference between the simulation results of Geant4 
and the experimental results for the PALS of Ni, Fe, HDPE, and PTFE, the results simulated using 
Geant4 were found to be more reasonable. The source contribution was optimized by Geant4 
simulation, and these simulated data provided a theoretical basis for the analysis of the positron 


lifetime spectrum in the experiment. 
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